1. Introduction {#sec0005}
===============

Due to the degeneracy of the genetic code, most amino acids are coded by more than one codon (synonymous codon usage). These synonymous codons are not used randomly. Rather, there are some codons that are used more frequently than others. Mutational pressure and translational selection are thought to be among the main factors that account for codon usage variation among genes in different organisms ([@bib0160], [@bib0080], [@bib0095]).

Understanding the extent and causes of biases in codon usage is essential to the comprehension of viral evolution, particularly the interplay between viruses and the immune response ([@bib0150]).

Hepatitis A virus (HAV) is a hepatotropic member of the family *Picornaviridae* ([@bib0200]), and its viral genome consists of a 7.5-kilobase (kb), positive-stranded RNA with a single open reading frame (ORF). The ORF, which codes 2227 amino acids is organized into three functional regions termed P1, P2 and P3. P1 encodes the capsid polypeptides VP1 to VP4, whereas P2 and P3 encode non-structural polypeptides. The ORF is preceded by a 5′ untranslated region (UTR) and is followed by a 3′ UTR with a short poly A tail ([@bib0065]).

The structure of HAV, its tissue tropism, and genetic distance from other members of the family *Picornaviridae* indicate that HAV is unique within this family ([@bib0105], [@bib0050]).

HAV has been shown to possess a single conserved immunogenic neutralization site, and isolates from different parts of the world belong to a single serotype ([@bib0170], [@bib0065]). Nevertheless, the study of the HAV evolution in cell culture revealed the presence of some antigenic variants in the mutant spectra that were generated even in the absence of immune selection ([@bib0145]). Furthermore, several escape mutants, representing antigenic variants, have been selected for their resistance to different monoclonal antibodies (MAbs), suggesting the occurrence of severe structural constraints in the HAV capsid that prevent the more extensive substitutions necessary for the emergence of a new serotype ([@bib0120], [@bib0125]).

Very recent *in vitro* studies have shown the occurrence of highly conserved clusters of rare codons in the HAV capsid-coding region and that substitutions in these clusters are negatively selected, suggesting that the need to maintain such clusters play a role in the low antigenic variability of HAV ([@bib0020]). Moreover, recent studies suggest that fine-tuning translation kinetics selection is also underlying codon usage bias in this specific genome region ([@bib0015]). These results reveal that codon usage plays a key role in HAV replication and evolution. However, our knowledge of other factors also contributing to shaping synonymous codon usage bias and nucleotide composition in human HAV *in vivo* is rather scarce.

In order to gain insight into these matters, we analyzed the codon usage and base composition of all available ORFs from 30 human HAV isolates, and investigated the possible key evolutionary determinants of codon usage bias.

2. Materials and methods {#sec0010}
========================

2.1. Sequences {#sec0015}
--------------

Full-length ORFs nucleotide sequences (corresponding to 2227 amino acids) were obtained for 30 human HAV isolates by mean of the use of ARSA at DDBJ database (available at: <http://arsa.ddbj.nig.ac.jp/>) and EMBL database (available at: <http://www.ebi.ac.uk/embl/Access/index.html>). For strain names, accession numbers, geographic location of isolation and genotypes, see [Supplementary Material Table 1](#sec0055){ref-type="sec"}.

2.2. Codon usage analyses {#sec0020}
-------------------------

In order to investigate the extent of codon usage bias in HAV, we first aligned the complete ORF code sequences from the HAV strains, using the MUSCLE program ([@bib0055]). Once aligned, the relative synonymous codon usage (RSCU) values of each codon were determined in order to measure the synonymous codon usage ([@bib0165]). This was done using the CodonW program (available at: [http://mobyle.pasteur.fr](http://mobyle.pasteur.fr/)). The RSCU is the observed frequency of a codon divided by the frequency expected, if all synonymous codons for that amino acid were used equally. If RSCU value is close to 1.0, it indicates a lack of bias ([@bib0180]). RSCU values are largely independent of amino acid composition and are particularly useful in comparing codon usage between genes that differ in size and amino acid composition. The RSCU of HAV ORFs were compared with corresponding values of human cells ([@bib0070]). The effective number of codons (ENC) and the frequency of use of GC~3~S (G+C at synonymous variable third position codons, excluding Met, Trp, and termination codons) were also calculated by the use of the Codon W program. ENC was used to quantify the codon usage bias of an ORF ([@bib0210]), which is one of the best overall estimator of absolute synonymous codon usage bias ([@bib0045]). The ENC values range from 20 to 61. The larger the extent of codon bias in a gene, the smaller the ENC value is. In an extremely biased gene where only one codon is used for each amino acid, this value would be 20; in an unbiased gene, it would be 61. Similarly, the fraction of the G+C nucleotides not involved in the GC~3~S fraction (GC~12~) was also calculated. All these indices were also calculated using the Codon W program. The relative frequencies of dinucleotides were also calculated using this program as implemented in the Mobile server ([http://mobyle.pasteur.fr](http://mobyle.pasteur.fr/)).

2.3. Correspondence analysis {#sec0025}
----------------------------

COA is an ordination technique that identifies the major trends in the variation of the data and distributes genes along continuous axes in accordance with these trends. COA creates a series of orthogonal axes to identify trends that explain the data variation, with each subsequent axis explaining a decreasing amount of the variation ([@bib0060]). Each ORF is represented as a 59-dimensional and each dimension is related to the RSCU value of each triplet (excluding AUG, UGG and stop codons). This was done using the CodonW program.

2.4. Statistical analysis {#sec0030}
-------------------------

Correlation analysis was carried out using Spearman\'s rank correlation analysis method ([@bib0190]; available at: [www.wessa.net](http://www.wessa.net/)).

3. Results {#sec0035}
==========

In order to study the extent of codon bias in HAV ORFs, the average codon usage values for all triplets were calculated. The results of these studies are shown in [Table 1](#tbl0005){ref-type="table"} .Table 1Codon usage (RSCU[a](#tblfn0005){ref-type="table-fn"} values) in HAV strains and human cells.AACodonHCHAVAACodonHCHAVAACodonHCHAVAACodonHCHAVPhe**UUU0.921.57**Ser**UCU1.142.27**Tyr**UAU0.881.53**Cys**UGU0.921.65**UUC1.080.43UCC1.320.71UAC1.120.47UGC1.080.35Leu**UUA0.481.18UCA0.902.04**TERUAA[\*\*](#tblfn0015){ref-type="table-fn"}[\*\*](#tblfn0015){ref-type="table-fn"}TERUGA[\*\*](#tblfn0015){ref-type="table-fn"}[\*\*](#tblfn0015){ref-type="table-fn"}**UUG0.782.48**UCG0.300.11UAG[\*\*](#tblfn0015){ref-type="table-fn"}[\*\*](#tblfn0015){ref-type="table-fn"}TrpUGG1.001.00  CUU0.781.12Pro**CCU1.162.03**His**CAU0.841.59**ArgCGU0.480.23CUC1.200.20CCC1.280.49CAC1.160.41CGC1.080.09CUA0.420.28CCA1.121.43GlnCAA**0.541.02**CGA0.660.13CUG2.400.74CCG0.440.05CAG1.460.98**CGG1.200.03**  Ile**AUU1.082.04**Thr**ACU1.001.81**Asn**AAU0.941.67**SerAGU0.900.75AUC1.410.29ACC1.440.41AAC1.060.33AGC1.440.13AUA0.510.67ACA**1.121.68**Lys**AAA0.861.28**Arg**AGA1.264.16**MetAUG1.001.00ACG0.440.10AAG1.140.72AGG1.261.37  Val**GUU0.722.26**Ala**GCU1.082.18**Asp**GAU0.921.64**Gly**GGU0.641.17**GUC0.960.38GCC1.600.62GAC1.080.36GGC1.360.46GUA0.480.34GCA0.921.16Glu**GAA0.841.14**GGA1.001.72GUG1.841.02GCG0.440.03GAG1.160.86GGG1.000.66[^1][^2]

Interestingly, the frequencies of codon usage in HAV ORFs are significantly different than the ones used by human cells. Particularly, extremely highly biased codon frequencies were found for Phe, His, Asn, Asp, Cys and Arg (see [Table 1](#tbl0005){ref-type="table"}). Almost all extremely high preferred codons were U-ended (see [Table 1](#tbl0005){ref-type="table"}).

In order to investigate if these 30 HAV strain sequences display similar composition features, the ENC values were calculated for each ORF. The ENC values obtained vary from 38.53 to 41.04 (mean ENCs value of 39.78). For results obtained for all 30 HAV strains enrolled in these studies, see [Supplementary Material Table 2](#sec0055){ref-type="sec"}. Due to the fact that almost all ENC values are less than 40, the results obtained for the HAV ORFs studied reveal that codon usage in HAV is biased.

In order to investigate the patterns of synonymous codon usage, the correlations between the positions of the ORFs along the first principal axis generated by the COA and the respective GC~3~S and GC~12~ values of each strain were analyzed. The first principal axis in COA accounts for 45.34% of the total variation, while the next three principal axes in account for 10.14%, 8.63% and 6.56% of the variability, respectively. The first axis in COA is highly correlated with the GC~3~S and GC~12~ values in HAV ORFs. This result reveals that nucleotide composition plays an important key role in the codon usage bias observed in HAV ORFs (see [Table 2](#tbl0010){ref-type="table"} ).Table 2Correlation analysis between the first axis values in COA and GC~3~S and GC~12~ content for 30 HAV ORFs.GC~3~SGC~12~*Axis 1r*0.8250.702*P*\<0.0001\<0.001

In order to detect the possibility of codon usage variation of different HAV genomes, the HAV ORFs were divided according to their HAV genotype (IA, IB, IIA, IIB, IIIA and IIIB). COA was performed on the RSCU values of each HAV ORF and the distribution of the six genotypes along the first two principal axes of COA was determined. The results of these studies are shown in [Fig. 1](#fig0005){ref-type="fig"} .Fig. 1Positions of the 30 HAV ORFs in the plot of the first two major axes by correspondence analysis (COA) of relative synonymous codon usage (RSCU) values. The first and second axes account for 45.34% and 10.14% of the total variation, respectively. The HAV ORFs are divided according to their HAV genotype, genotype IA strains are indicated by a white circle (○), genotype IB by a white square (□), genotype IIA by a black circle (●), genotype IIB by a black square (■), genotype IIIA by a black diamond (♦) and genotype IIIB by a black triangle (▴).

Surprisingly, the distribution of the six genetic groups in the plane defined by the first two major axes showed that different genotypes were located at different places, suggesting that different HAV genotypes exhibit differences in their codon usage patterns (see [Fig. 1](#fig0005){ref-type="fig"}).

In order to gain insight into these findings, the average codon usage values for all codons were calculated for genotype IA and IIIA strains enrolled in these studies, accounting for 24,416 and 31,108 codons, respectively. The results of these studies are shown in [Supplementary Material Table 3](#sec0055){ref-type="sec"}. Interestingly, the frequencies of codon usage in the different HAV genotypes show significant different frequencies in CCA (Pro) and CGC (Arg) codons.

In order to observe if different frequencies of codon usage are found in different HAV genome regions, the same studies were repeated for the structural (P1) and non-structural regions (P2 + P3) of the HAV genome. The results of these studies are shown in [Supplementary Material Table 4](#sec0055){ref-type="sec"}. Roughly similar values are obtained for both regions for most codons, although significant differences were found for Arg codons (CGC and AGG).

It has been suggested that dinucleotide biases can affect codon bias ([@bib0175]). To study the possible effect of dinucleotide composition on codon usage of the HAV ORFs, the relative abundances of the 16 dinucleotides in the ORFs of the 30 HAV strains were established. The results of these analyses are shown in [Table 3](#tbl0015){ref-type="table"} .Table 3Relative abundance of dinucleotides in HAV ORFs.Relative abundance of the 16 dinucleotidesUUUCUAUGCUCCCACGMean ± SD[a](#tblfn0010){ref-type="table-fn"}1.891 ± 0.0510.901 ± 0.0270.925 ± 0.0251.465 ± 0.0360.904 ± 0.0400.506 ± 0.0361.079 ± 0.0240.063 ± 0.009AUACAAAGGUGCGAGGMean ± SD1.493 ± 0.0270.674 ± 0.0261.590 ± 0.0251.068 ± 0.0530.893 ± 0.0200.470 ± 0.0161.228 ± 0.0260.841 ± 0.017[^3]

The occurrences of dinucleotides are not randomly distributed and no dinucleotides were present at the expected frequencies ([Table 3](#tbl0015){ref-type="table"}). The relative abundance of CpG showed a strong deviation from the "normal range" (mean ± SD = 0.063 ± 0.009) and was markedly underrepresented. On the other had, the frequency of UpU was above the expected value (mean ± SD = 1.891 ± 0.051) ([Table 3](#tbl0015){ref-type="table"}). Among the 16 dinucleotides, 14 are highly correlated with the first axis value in COA ([Table 4](#tbl0020){ref-type="table"} ). These observations indicate that the composition of dinucleotides also plays a key role in the variation found in synonymous codon usage among HAV ORFs.Table 4Summary of correlation analysis between the axis in COA and sixteen dinucleotides frequencies in HAV ORFs.UUUCUAUGCUCCCACG*Axis 1r*−0.8650.733−0.637−0.7810.6790.820−0.3660.557*P*\<0.0001\<0.0001\<0.001\<0.0001\<0.001\<0.00010.0410.002AUACAAAGGUGCGAGG*Axis 1r*−0.6250.7060.431−0.7420.798−0.5690.6990.755*P*\<0.001\<0.0010.019\<0.0001\<0.00010.002\<0.001\<0.0001

To study the possible effects of CpG under-representation on codon usage bias of HAV ORFs, the RSCU value of the eight codons that contain CpG (CCG, GCG, UCG, ACG, CGC, CGG, CGU, CGA) were analyzed. These eight codons \[CCG (mean 0.05), GCG (mean 0.03), UCG (mean 0.11), ACG (mean 0.10), CGC (mean 0.09), CGG (mean 0.03) and CGU (mean 0.23), GCC (mean 0.13)\] were markedly suppressed.

Besides, the position of each codon in each of the four major axes of COA was determined for the 30 HAV ORFs. [Table 5](#tbl0025){ref-type="table"} shows the codons for which the maximum and minimum values were obtained for each of the axes studied (i.e. the most divergent codons values), indicating bias in their use by HAV. As it can be seen in the table, most of the divergent codons were triplets coding for Arg.Table 5Position of codons in each of the four major axes of COA for 30 HAV ORFs.Axis 1Axis 2CodonValueAminoacidCodonValueAminoacidCGC−0.54535ArgCGG−125.916ArgCGU0.46586ArgCGC0.26321ArgAxis 3Axis 4CodonValueAminoacidCodonValueAminoacidGCG−0.53899AlaCGG−0.70233ArgCGA0.1961ArgCUC0.15466Leu

In order to observe if dinucleotides frequencies may vary among different genotypes, the same studies were repeated using genotype IA and IIIA strains. The results of these studies are shown in [Supplementary Material Table 5](#sec0055){ref-type="sec"}. No significant differences were observed among the two genotypes or using all 30 HAV strains representing all known HAV genotypes. A similar study conducted in order to study dinucleotide frequencies in structural and non-structural regions of the HAV genome also found no significant differences among the different regions of the HAV genome (see [Supplementary Material Table 6](#sec0055){ref-type="sec"}).

4. Discussion {#sec0040}
=============

The results of these studies revealed that codon usage in HAV ORFs is quite different from that of human genes (see [Table 1](#tbl0005){ref-type="table"}). This is in agreement with previous results found for the capsid structural region of HAV ([@bib0145]). In other members of the family *Picornaviridae*, like Poliovirus or foot-and-mouth disease virus (FMDV) the codon usage is very similar to that of their hosts, implying competence for tRNAs among virus and host ([@bib0145]). In these cases, competition is avoided by the induction of cellular shutoff of protein synthesis through carboxy cleavage of translation initiation factor 4G (eIF4G) by 2A and L proteases, respectively ([@bib0135]). HAV lacks mechanisms of inducing cellular shutoff and needs an intact eIF4G factor for the initiation of translation ([@bib0135], [@bib0010]). Moreover, HAV has a very inefficient IRES ([@bib0195]). For these reasons, HAV may be able to synthesize its proteins by adapting their codon usage to those less commonly used cellular tRNAs. This may also account for its low replicative rate ([@bib0130], [@bib0110]).

In this study, we analyzed synonymous codon usage and nucleotide compositional constraints in HAV ORFs. Interestingly, contrary to previous results found for other viruses such H5N1 Influenza A Virus (mean ENC = 50.91) ([@bib0005], [@bib0225]); SARS (mean ENC = 48.99) ([@bib0215]); foot-and-mouth disease virus (mean ENC = 51.42) ([@bib0220]); classical swine fever virus (mean ENC = 51.7) ([@bib0175]) and Duck Enteritis virus (mean ENC = 52.17) ([@bib0075]), the ENC values found for human HAV are comparatively low (mean ENC value of 39.78), indicating that the overall extent of codon usage bias in HAV is significant. This is in agreement with recent *in vitro* studies on HAV capsid variability constraints ([@bib0020]).

A general correlation between codon usage bias and base composition was observed in these studies. Moreover, highly significant correlations between the first axis of COA and GC~3~S and GC~12~ values were obtained for all HAV ORFs studied. These results suggest that mutational pressure significantly contributes to the codon usage bias in HAV strains. Nevertheless, as previously suggested for other viral systems, when significant distance among expected and actual ENC values are found, other factors additional to mutational bias may be also contributing to codon usage bias ([@bib0150]). This is in agreement with very recent studies on HAV populations adapted to propagate in cells with impaired protein synthesis in which fine-tuning translation kinetics selection rather than translation selection was identified as the underlying mechanism of codon usage bias in the capsid coding region ([@bib0015]). Thus, both mutation pressure, as well as selection pressure for correct protein folding, play a critical role shaping HAV codon usage, indicating that HAV genomic bias is multi-factorial.

In order to detect possible codon usage variation of different genomes, the HAV ORFs were divided according to their genotype. Unexpectedly, the distribution of the six genetic groups along the first two major axes in COA showed that different genotypes are distantly located in the plane defined by the first two axes of the analysis ([Fig. 1](#fig0005){ref-type="fig"}). Moreover, the frequencies of codon usage of genotype IA and IIIA showed significant differences in Pro and Arg codons (see [Supplementary Material Table 3](#sec0055){ref-type="sec"}). Since species with a close genetic relationship always present a similar codon usage pattern ([@bib0155]), these findings suggest that codon usage in HAV is undergoing also an evolutionary process, probably reflecting a dynamic process of mutation and selection to re-adapt its codon usage to different environments (see [Fig. 1](#fig0005){ref-type="fig"} and [Supplementary Material 3](#sec0055){ref-type="sec"}).

The structural and non-structural regions of the genome roughly share the same frequencies of codon usage, except for some of the Arg codons (see [Supplementary Material Table 4](#sec0055){ref-type="sec"}). This is in agreement with COA analysis, were most of the divergent codons were triplets coding for Arg (see [Table 4](#tbl0020){ref-type="table"}). This reveals that the use of Arg codons plays also a role in the evolution and the variability observed among HAV strains.

The frequencies of occurrence for dinucleotides were not randomly distributed and most dinucleotides did not follow the expected frequencies in HAV ORFs ([Table 3](#tbl0015){ref-type="table"}). The high correlation found between the first axis of COA and the relative dinucleotide abundances ([Table 4](#tbl0020){ref-type="table"}) suggests that codon usage in HAV ORFs can also be strongly influenced by underlying biases in dinucleotide frequencies. All CpG containing codons are markedly suppressed ([Table 3](#tbl0015){ref-type="table"}) in the 30 HAV strains included in the study, confirming what has been very recently noted ([@bib0025]). Marked CpG deficiency has been also observed in Coronaviruses ([@bib0205]), vertebrate-infecting members of the family *Flaviviridae* ([@bib0100]), Poliovirus ([@bib0140]) and other RNA viruses ([@bib0085]). Moreover, polioviruses synthetically deoptimized either by codon deoptimization or codon pair deoptimization are generally marked by a higher content of CpG (and also UpA) dinucleotide ([@bib0035], [@bib0030], [@bib0115], [@bib0040]), indicating that polioviruses have naturally evolved to eliminate these dinucleotides. CpG deficiency was proposed to be related to the immunostimulatory properties of unmethylated CpG, which were recognized by the host\'s innate immune system as a pathogen signature ([@bib0150], [@bib0205]). Escaping from the host antiviral response may act as another selective pressure contributing to the multifactorial codon usage shaping ([@bib0185]).

Thus, the results of these studies suggest that HAV genomic biases are the result from the coevolution of genome composition, the need to a controlled translation kinetics and probably the need to escape the antiviral cell responses, and thus is a model in agreement with the evolution rhetoric theory proposed by [@bib0185] in which genome biases emerge by the need to increase communication with the ever changing cell environment without changing the message.
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[^1]: RSCU, relative synonymous codon usage; AA, amino acid; HC, human cells; HAV, Hepatitis A Virus. Highly biased codons with respect to human cells are shown in bold.

[^2]: Means termination codon.

[^3]: Mean values of 30 HAV ORFs relative dinucleotide ratios ± standard deviation.
